The quantum theory of nonlinear effects for optical transitions of electrons in quasi-zero dimensional (Q0D) quantum dots fabricated from n-type III-V compound semiconductor materials such as n-type GaAs has been studied due to the nonparabolicity of energy band structures. We use the effective mass approximation for carriers in the quantum dots. Most realistic quantum dot systems contain the box with a thickness c and the lateral width (a; b). Using the time-independent perturbation theory, the first order correction of the eigenfunctions and eigenvalues for the system has been calculated. And the free-carrier absorption coefficient may be calculated for Q0D quantum dots from n-type GaAs where the polar optical phonon scattering is dominant. Our results show that the free-carrier absorption coefficient in Q0D quantum dots increases quite rapidly with increasing temperature in the region of low temperatures. When temperatures are larger than 100 K, the free-carrier absorption coefficient increases slowly with temperature. This shows that the nonlinear property of energy band structures due to the nonparabolicity plays an important role in low temperatures. The discussion about the dot size effect of the quantum confinement region in n-type GaAs quantum dots has also been given. r 2002 Published by Elsevier Science B.V.
Introduction
Low-dimensional quantum nanostructures such as quantum wires and quantum dots have attracted considerable attention in view of their basic physics and potential device applications [1] [2] [3] . Especially, the interesting things in the fabrication of low-dimensional semiconductor structures are the modified electronic and optical properties of these structures, which are controllable to a certain degree through the flexibility in the structure design. These features make quantum confined semiconductors very promising for possible device applications in microelectronics, nonlinear optics, and many other fields. The electron confinement in low-dimensional structures modifies the density of states and enhances the Coulomb interaction of electrons. In this work, electrons in a quantum dot are confined by a heterostructure of compound semiconductors such as Al 0:45 Ga 0:55 As=GaAs:
Theory
As a quantum dot is assumed to be a well with infinitely high-energy barriers, the effective
where E g is the energy gap between the conduction and valence bands, and V 0 ðr i Þ is an infinite potential defined as follows:
Using the time-independent perturbation theory, the eigenfunctions and eigenvalues for the system are given by
and
where Pðc; m; nÞ and Qðc; m; n; c 0 ; m 0 ; n 0 Þ are functions of c; m; n and c 0 ; m 0 ; n 0 with parameters a; b; and c:
The electron-polar-optical-phonon interaction potential is given by [4, 5] 
where q is the wave vector of the polar optical phonons, # e q is their polarization vector, and e 0 ¼ ð1=e N À 1=eÞ À1 : Here e N and e are the high-frequency and static dielectric constants of semiconductors, respectively, Q n q and Q q are creation and annihilation operators for the optical phonons. The matrix element of the electron-photon interaction Hamiltonian is
where n 0 is the number of photons in the radiation field and O is the photon frequency. The electron distribution function in a nondegenerate semiconductor can be expressed as
where n e is the concentration of electrons in solids. The free-carrier absorption coefficient can be obtained as
where v c is the velocity of light.
Numerical results
As a numerical example, we consider the freecarrier absorption coefficient in n-type GaAs with the optical phonon frequency o ¼ 5:5 Â 10 13 rad/s. The relevant values of physical parameters are taken to be [6] Fig. 1 with the photon frequency O ¼ 53:4 THz (or 5.6 mm wavelength of a CO 2 laser). It is shown that a decreases with increasing the lateral width a ¼ b or the film thickness c: It can also be seen that a increases with temperature. This is the same property as that for the acoustic phonon scattering [7] and for the polar optical phonon scattering [6] in quasi-twodimensional structures. In Fig. 2 , we plot a as a function of the photon frequency O with the lateral width a ¼ b ¼ 20 nm. It shows that a decreases monotonically with increasing photon frequency. In Fig. 3 , a is plotted as a function of temperature with O ¼ 53:4 THz and the film thickness c ¼ 10 nm. It shows that a increases rapidly with temperature in the lower-temperature region, and then increases slowly with temperature in the higher-temperature region.
